Abstract: The notion that the cerebellum is a central regulator of motor function is undisputed. There exists, however, considerable literature to document a similarly vital role for the cerebellum in the regulation of various non-motor domains, including emotion. Research from numerous avenues of investigation (i.e., neurophysiological, behavioural, electrophysiological, imagining, lesion, and clinical studies) have documented the importance of the cerebellum, in particular, the vermis, in affective processing that appears preserved across species. The cerebellum possesses a distinct laminar arrangement and highly organized neuronal circuitry. Moreover, the cerebellum forms reciprocal connections with several brain regions implicated in diverse functional domains, including motor, sensory, and emotional processing. It has been argued that these unique neuroanatomical features afford the cerebellum with the capacity to integrate information about an organism, its environment, and its place within the environment such that it can respond in an appropriate, coordinated fashion, with such theories extending to the regulation of emotion. This review puts our current understanding of the cerebellum and its role in behaviour in historical perspective, presents an overview of the neuroanatomical and functional organization of the cerebellum, and reviews the literature describing the involvement of the cerebellum in emotional regulation in both humans and non-human animals. In summary, this review discusses the importance of the functional connectivity of the cerebellum with various brain regions in the ability of the cerebellum to effectively regulate emotional behaviour.
Introduction
Our ability to navigate and adapt within our environment relies heavily on the ability to execute the correct movement at the correct time and in the correct sequence in response to sensory and proprioceptive information. A neural substrate important for these functions is the cerebellum. Latin for "little brain", the cerebellum accounts for only a small portion of the brain's total volume yet encases more neurons than are housed in the entire remaining human brain [1] . Its putative role in motor behaviours was first noted over 200 years ago. Advances in technical abilities related to studying neurons within the cerebellum, their circuitry, pathways, and electrophysiological properties have vastly improved our understanding of this substrate and its contribution to motor behaviour. Decades of research have confirmed the importance of the cerebellum and its principal neurons, Purkinje neurons (PN) , in the refinement of motor behaviours and precision of motor execution. The accumulation of considerable data, however, has prompted a re-evaluation and expansion of this role such that the cerebellum may be viewed as an information processor capable of coordinating and optimizing domains outside of motor function, including emotion.
The present report will begin by offering a brief historical perspective on the scientific inquiry regarding the function of the cerebellum in behaviour that led to the view of the cerebellum as being an integral component of motor functioning, including the acquisition, expression, and learning of motor behaviors. As the unique neuroanatomical organization of the cerebellum was and continues to be instrumental in offering clues to its contribution to behavior, its functional organization and neuronal circuitry will be highlighted. Our current understanding of the distinct contributions of the cerebellum in emotional regulation in both humans and non-human animals will be summarized. Lastly, the view that it is the functional connectivity of the cerebellum with other brain areas that confers its ability to modulate a broad range of capabilities will be also discussed.
Historical Perspective of Cerebellar Involvement in Motor Behaviour
The first documented experimental evidence for a putative role of the cerebellum in motor functioning came from Rolando in 1809, who noted that cerebellar lesions resulted in motor deficits but preservation of sensory processing abilities [2] . In 1824, Fluorens astutely observed that animals with cerebellar lesions were not paralyzed and contended that coordination rather than production of movement was influenced by the cerebellum [2] .
Advances in microscopy during the middle of the 1800s enabled investigators to visualize cellular features of tissue in a way that was not previously possible. Such advances led to the morphological description of PN in unstained tissue by Purkinje in 1837, for whom these cells were named [2] . Purkinje described them as "corpuscles" and noted their architecturally orderly arrangement throughout the cerebellum. The extensive dendritic arborizations of PNs were not evident, however, as they are not readily obvious in unstained tissue.
It was another 50 years before the unique morphological structure of PNs could be appreciated in more detail. One of the most important experimental techniques in neuroscience, still used routinely today, is the silver impregnation method developed by Golgi in 1873 [2] . The exquisite utility of the method lies in the fact that only a small percentage of neurons is stained in their entirety, including soma and processes [3] . Thus, the stained neurons are typically observed as single cells, and their processes can be observed in detail without overlapping by other stained cellular processes. Development of this staining procedure (initially from an artifact of histochemical staining), coupled with further advancements in light microscopy, allowed for individual neurons to be visualized with a degree of precision and intensity previously unparalleled. Cajal applied the Golgi method extensively in the late 1880s; his anatomical investigations of multiple brain regions display detailed illustrations. Development of the Golgi technique and its application by Cajal allowed for the characterization of the extensive dendritic arborisation of cerebellar PNs for the first time.
In 1891, Luciani applied fine-surgical techniques to investigate cerebellar functioning in vivo, and elaborated on the earlier work of Fluorens who had used animal experimentation [2] . Luciani described three features of cerebellar damage associated with various aspects of muscle control: 1) asthenia, or muscle weakness; 2) atonia, or a lack of typical muscle tone; 3) and astasia, or the discontinuity of movement, including tremors. This triad of deficits after cerebellar damage was confirmed in humans by Holmes in 1917 in his clinical investigation of World War I victims of gunshot injuries to the brain [4] .
Progress in describing the cerebellar circuitry continued in the 20 th century. Refinement of electrophysiological techniques allowed a group of collaborators in the 1960s to detail the elaborate cerebellar neuronal circuitry. Based on their findings, the group published a seminal work on the cerebellum, viewing it as a neuronal processing machine based on its intricate circuitry [5] . This monograph provided a jumping-off point for the development of numerous other concepts over the next several decades, in attempts to explain how the unique neuronal circuitry in the cerebellum produces and influences motor behaviour [6] [7] [8] . Seminal papers by Leiner and colleagues [9] , early studies in clinical populations with cerebellar pathology [8, 10] , and early neuroimaging studies demonstrating cerebellar activation in tasks with no motor component [11] , however, prompted a re-evaluation of the cerebellum as strictly delegated to motor control.
Cerebellar Neuroanatomy & Neurocircuitry
The cerebellum houses nearly half of the neurons within the brain [1] and receives input from multiple regions of the central nervous system. The sources of those inputs subserve a broad array of functions and, in turn, the cerebellar neurons project to nearly all portions of the motor system [8] as well as non-motor areas of the cerebral cortex [12] . The cerebellum consists of a multineuronal cortical layer, white matter projecting from this layer, and the deep cerebellar nuclei (DCN), which are clusters of neurons onto which Purkinje axons synapse. Anatomically, the cerebellum is divided into the flocculonodular lobe, vermis, and lateral cerebellar hemispheres, and functional divisions have been identified based, in part, on these anatomical distinctions [13] . The flocculonodular lobe lies on the ventral side of the cerebellum and is the only cerebellar area to bypass the DCN in its projections to other areas. It receives information on balance and equilibrium via projections from the nuclei of the vestibular nerve in the brainstem and visual information conveyed from the visual cortex via projections from other nuclei. The projections of the flocculonodular lobe terminate back onto vestibular nuclei within the brainstem, forming a processing loop [13] . This region, the phylogenetically oldest region of the cerebellum, is referred to as the "vestibulocerebellum" due to its pivotal role in processing vestibular information [13, 14] .
The vermal cerebellum lies along the midline of the cerebellum and receives multimodal sensory input from the trunk and proximal muscles via spinocerebellar tracts. Projections from the vermis exit the cerebellum via the fastigial DCN en route to the brainstem and cortical areas involved in controlling proximal regions of the body, including medial descending pathways [13] . Lateral to the vermal region on either side are the intermediate zones. Although not distinct on gross inspection of the cerebellar surface, the intermediate zone receives distinct somatosensory input about distal muscles from spinocerebellar tracts and from the pontine nuclei. In turn, this zone projects to the interposed DCN, the projections of which enter the descending lateral corticospinal and rubrospinal tracts that coordinate function of the body musculature [13] . Collectively, vermal and intermediate zones are coined "spinocerebellum", as they constitute the only cerebellar regions to receive spinal cord input [13, 14] . With regard to emotional regulation in humans, because of research linking specifically the vermis (discussed below), this area has been referred to as the "limbic cerebellum" [15] .
A third functional subdivision in the cerebellum lies adjacent to the intermediate zones in the most lateral portion of the cerebellar hemispheres. This area, found bilaterally, receives input solely from the cerebral cortex [13] , including motor, premotor, prefrontal, and parietal areas (as reviewed in [12] ). These cortical inputs travel through the pontine nuclei en route to the cerebellum. Information processed within the lateral cerebellum projects back to motor, premotor, prefrontal, and parietal areas via the dentate DCN to thalamic and red nuclei, thus forming a cerebrocerebellar loop [12, 16] . As the lateral cerebellar hemispheres receive input exclusively from the cerebral cortex, they are referred to as the "cerebrocerebellum", which, phylogenetically, is the newest part of the cerebellum [13, 14] .
At the cellular level, the cerebellar cortex ( Figure 1 ) consists of three cellular layers comprised of five neuronal types (as reviewed in [17] ). The granule cell layer is the deepest cortical layer and is comprised of vast numbers of granule cells, Golgi interneurons, and axons from various inputs, depending on the functional subdivision, collectively referred to as mossy fibres (MF). A second neuronal layer consists of a monolayer of PN bodies (somata). The outermost layer, the molecular layer, is composed of dendrites of PNs, basket and stellate cells, and granule cell axons. The latter are termed parallel fibres due to their arrangement parallel to the parasagittal plane of PN dendrites.
This cortical neuronal arrangement is preserved across the subdivisions of the cerebellum (i.e. flocculonodular lobe, vermal and lateral regions); the only difference among the regions is the source of the MF input as well as the DCN through which the processed signal ultimately leaves the cerebellum [18] . Excitatory influences onto PNs arise indirectly from the MFs from three sources (i.e. from vestibular nuclei in the vestibulocerebellum or flocculonodular lobe; from the spinal cord via spinocerebellar tracts and reticular formation in the spinocerebellum or vermal and intermediate regions; and from cerebral cortex via the pontine nuclei in the cerebrocerebellum or lateral region). MFs form excitatory synaptic connections with granule cell dendrites, the axons of which extend into the molecular layer in the form of parallel fibres that form excitatory synapses with PNs. The excitatory influence of MFs is modified by Golgi interneurons in the granule layer. Axons of Golgi cells form inhibitory synaptic contacts with MF axon terminals and granule cell dendrites in synaptic clusters called cerebellar glomeruli [17] . The interconnections suppress the excitatory effects of parallel fibres onto PNs. The only other source of excitatory projections to PNs arises from inferior olivary nuclei in the medulla. The long axons projecting from the inferior olive, termed climbing fibres (CF), wind around PN somata and their dendrites, and synapse with multiple PNs [19] . Basket and stellate cells within the molecular layer exert an inhibitory influence onto PNs. Thus, PNs are subject to inhibitory influences from cerebellar cortical circuits that collectively modulate the excitatory influences from projections originating outside the cerebellum [17] . After integrating multiple inhibitory and excitatory synapses, PNs send GABA-ergic inhibitory projections to the DCN [19] (i.e., the fastigial nucleus in the vermal region, interposed in the intermediate portion, and the dentate nucleus in the lateral hemispheres). Fibres from the DCN project to many regions of the brain, including vestibular nuclei, medial and lateral descending motor pathways, and cerebral cortical association areas [13] . In addition to the inhibitory signals from cerebellar PNs, neurons in the DCN also receive direct excitatory projections from the two main inputs to the cerebellum, MFs and CFs, via axon collaterals. This direct excitation of the DCN is mediated and dampened by the inhibitory input from PNs, the central processors that receive a barrage of both excitatory incoming signals from outside the cerebellum and inhibitory signals from interneurons within the cerebellar cortex. Therefore, PNs play a key role in modulating and inhibiting the excitatory influence of the DCN and their broad distribution of terminations in multiple brain regions. 4 . Evidence of the Cerebellum and Non-motor Domains in Humans-Relevance to Error Correction and Timing Although the importance of the cerebellum to motor function is uncontested, precisely how the cerebellum achieves this has been the source of considerable debate. Studies using experimental paradigms with clinical populations have elucidated roles for the cerebellum in both the correction of errors during motor learning and in ensuring accurate timing of both motor and perceptual tasks. In a now classic experiment, Thach et al. [8] examined response patterns to throwing a dart at a target before, during, and after visual displacement of the target with prism glasses among individuals with a degenerative disease affecting the inferior olive, a source of excitatory input to cerebellar PNs. An individual's fixation on a target provides a point of aim for the arm throw. When the subject wears prism glasses that bend the optical path to the right, individuals typically throw the dart to the left of the target; this is in response to the person adjusting his/her gaze to the left to compensate for the bending of the optic path, as the arm throw follows the direction of gaze. With repeated trials, throws become closer to the target. After removal of the glasses, adjustments made to compensate for the optical displacement persist, despite the gaze now being in-line; as a result, after removing the prism from the optical path, the throws are to the right of the target. Again after practice [this time without the prism glasses], errors in aim are reduced, and throws are on target. Individuals with disease affecting the excitatory input to cerebellar PNs fail to adjust their aim in response to the initial optical displacement with glasses on, and the target is repeatedly to the left, with little improvement in reducing the distance from the target with practice. Upon removal of the glasses, throws from those with cerebellar damage are not far to the right of the target, as is the case for typical individuals, suggesting that the initial adjustments for the prism were never made, and explaining the failure to correct for the visual displacement.
This reduction in error adaptation implicates the cerebellum in providing error correction during the execution of movement. Anatomically, its massive inputs from huge numbers of granule cells are capable of conveying vast amounts of information, and this provides the cerebellum with the neuronal machinery to create a fine representation of incoming information (and adjust to it in near-real time), a feature required for moment-to-moment fine-tuning of motor output [6] [7] [8] .
The cerebellum has also been implicated in patterning the timing of both motor and perceptual tasks. Keele and Ivry [10] examined the motor and perceptual timing abilities of patients with neurological conditions, including cerebellar pathology, cortical pathology, and Parkinson's disease compared to typical controls. In the motor component, subjects tapped their fingers in time to an auditory tone. After the pacing tone was turned off, subjects continued tapping for a specified time, and data were collected regarding the inter-tap variability across trials. In this test, patients with both cerebral and cerebellar pathologies had increased variability in the duration of the inter-tap interval compared to typical controls. During the perceptual component, subjects were presented with two pairs of tones and asked to indicate which one of the two pairs had a longer interval between them. The first pair of tones presented was of a constant duration, and the interval between the second pair of tones was either longer or shorter in duration. The patients with cerebellar and cortical pathology were impaired on tests of motor timing compared to both typical control subjects and those with Parkinson's disease, ruling out the effect of the diseased basal ganglia to decrease timing abilities. Only patients with cerebellar damage were impaired on the perceptual timing task and the motor timing task. Although the increased variability of motor taps could be due to motor impairments in both cortical and cerebellar patient groups, only cerebellar patients were impaired in both timing assessments. To rule out decreased auditory processing abilities as an explanation for the increased variability in the perceptual component, a third task was included in which subjects were presented with pairs of tones as before but were asked to judge which tones were louder. Only cortical patients were impaired on this additional task, suggesting that the altered perceptual timing seen in cerebellar patients was not related to a deficit in general auditory processing or hearing impairments. Based on such findings, the authors hypothesized that the cerebellum attends to and provides temporal information regarding not only the execution of movement but also sensory perception.
The Cerebellum and Emotional Processing in Humans
The aforementioned studies by Thach et al. [8] and Keele and Ivry [10] were among the first to scientifically evaluate the presence of deficits in non-motor functions after cerebellar damage in humans. In addition to studies demonstrating the importance of the cerebellum in perceptual timing, recent advances in functional brain imaging have provided further evidence for the putative role of the cerebellum in non-motor functions. These data are changing the classic view of the cerebellum as a substrate exclusively and intricately involved in motor behaviour, including motor coordination and motor learning; it is now considered to have a broad role in human behaviour including mediation of cognitive processing [20] .
Proposed by Leiner, Leiner, and Dow in the 1980's [9] , the cerebellum's putative role in higher order cognitive functions has since garnered a great deal of interest. Experimental evidence supports cerebellar involvement in mental activity, including the generation of appropriate verbs when presented with nouns [11] , silent counting [21] , mental imagery [22] and completion of a pegboard puzzle, with cerebellar activation significantly higher than with simple peg movements [23] .
Simultaneous to research identifying cerebellar activation associated with cognitive processing, its role in emotional processing was beginning to be appreciated. In humans, data supporting the notion of the cerebellum as a mediator of emotion stems primarily from multiple lines of research, including: 1) studies of patients with cerebellar lesions and, in some cases, resulting clinical syndromes; 2) experimental paradigms to assess associative fear learning; 3) neuroimaging and neurostimulation studies; 4) the emotional processing of human faces, organically rich in emotional context; and 5) studies in neurodevelopmental and psychiatric disorders.
Lesion Studies & Clinical Syndromes
A pioneering investigation of cerebellar regulation of emotional behaviour was conducted by Schmahmann and Sherman [24] . These authors conducted exhaustive neuropsychological testing in conjunction with bedside mental state examinations and anatomical imaging in adult patients with pathology localized to the cerebellum (i.e., from stroke, post-infectious cerebellitis, cerebellar cortical atrophy, and midline tumor resection). Based on clinical and neuropsychological data, they described a cluster of disturbances spanning numerous aspects of functioning, characterized by deficits in executive function (i.e., working memory, planning, set-shifting), visual-spatial domains (i.e., processing and memory), language production (i.e., anomia, agrammatism), and behavioural-emotional alterations (i.e., behavioural disinhibition, blunted affect). They coined this clinical syndrome "cerebellar cognitive affective disorder" (CCAS) and argued that these deficits could not be a result of cerebellar-associated motor deficits alone. Further, they highlighted the fact that symptoms typically associated with cortical damage, including aphasia and agnosia, were devoid in these patients. Although the heterogeneity of pathological region and small sample size precluded definitive association of cerebellar region to symptomology, these authors noted more severe emotional dysregulation with lesions specifically affecting the vermis [24] .
Other studies have examined the consequences of pathology as a function of cerebellar region. In a study of those with vascular lesions affecting the cerebellum, lesions within the posterior region due to infarction of the posterior inferior cerebellar artery were associated with deficits in executive function, memory, and emotional withdrawal, whereas infarctions in the region of the superior cerebellar artery region were not [25] .
Further support of cerebellar involvement in emotional regulation comes from studies describing a collection of symptoms that are associated with pathology affecting the posterior fossa. Similar to CCAS, posterior fossa syndrome (PFS) is a clinical syndrome typically affecting children and adolescents upon resection of cerebellar tumors [26] , with symptoms generally not appearing until hours or days post-operatively [26] . The syndrome is characterized by symptoms associated with diverse domains, including language and speech production (i.e., cerebellar mutism, dysarthria) as well as behavioural-emotional control. Transient mutism is generally considered a cardinal feature of the syndrome, and, hence, it is often referred to as cerebellar mutism in the literature [27] . There are reports, however, of behavioural-emotional disturbances in the absence of mutism after tumor resection of the posterior fossa [28] . Given the temporary nature of the mutism, PFS has been considered a transient entity [26] . Many studies, nonetheless, have noted long-term neurocognitive and neurobehavioural sequelae, including specific deficits in executive function, memory, attention, spatial processing, as well as more general diminished intellectual functioning and academic achievement [29] [30] [31] .
With respect to the affective symptoms of PFS, emotional lability has been described after resection of posterior fossa tumors in children [32] . Irritability, depressed affect, lack of initiation, apathy, disinterest, and withdrawal are also reported [29, [32] [33] [34] . Severe mood changes were noted in over half of a group of children that underwent tumor resection involving the vermis [24] . Concurring with work in adults by this group [24] , these findings provide confirmatory evidence of the role of the cerebellar vermis in emotional regulation in humans, as no such changes were reported in resections that did not involve the vermis in children with PFS [24] . In addition to its occurrence after cerebellar surgical resection, symptoms associated with PFS have also been documented as a consequence of infections [35, 36] , trauma [37, 38] , or vascular alterations [39] affecting the cerebellum.
Although more typical in children, where reported incidence rates range from 8% to 31% after tumor resection (as reviewed in [26] ), PFS has been documented in adults after tumor resection. The syndrome is rare in adults, however, occurring in 1% of postoperative adults [40] . In a review of the literature, Marien et al. [26] found only 21 cases of the syndrome after cerebellar surgery in adults (reported from 1969 to 2011). In addition to classical symptom of mutism, these patients displayed behavioral-emotional dysregulation, including depressed mood [41] , emotional lability [41, 42] , lethargy [43] , add emotional aspontaneity [44] . PFS has also been confirmed in a small number of patients that underwent posterior fossa surgery to repair vascular pathology [42, [45] [46] [47] . Recently, Marien et al. [48] reported PFS of purely vascular etiology (i.e., with no surgical intervention) in an adult after cerebellar stroke, with the patient displaying apathy and blunting of affect post-stroke.
Fear Conditioning and Emotional Learning
Fear is a strong emotion, and the capacity to form fear-related memories serves an evolutionary advantage in that associating fear to a relevant stimulus and encoding a memory trace of this relationship can aid an organism in survival upon future exposures to that stimulus. The regulation of fear and formation of fear memories is multifaceted, consisting of aspects of motor/autonomic (i.e., changes in blood pressure and heart rate, dilation of pupils), endocrine, and behavioural aspects (i.e. freezing behaviour, potentiated startle reflex) (as reviewed in [49] ), in addition to the affective component. Not surprisingly, given its vast connections with multiple brain regions that subserve diverse domains, the cerebellum has been implicated in fear conditioning, whereby an organism learns to associate a neutral stimulus (referred to as the conditioned stimulus; CS) to a painful stimulus (referred to as the unconditioned stimulus; US) [50] . Maschke et al. [51] examined fear conditioning in individuals with vermal cerebellar lesions after tumor resection using classical conditioning paradigms designed to elicit the conditioned bradycardic response, a fear-related slowing of the heart rate. Here, the presentation of an auditory tone (CS) was paired with the presentation of a painful stimulus, an electrical shock to the finger (US). After repeated pairings, the previously neutral CS, the tone, elicits fear-associated behaviours, including bradycardia, in healthy individuals. In those with cerebellar vermal lesions, however, heart rate did not decrease after the conditioning protocol [51] .
In another study, Maschke et al. [52] also examined fear-related conditioning associated with potentiation of the startle response. In this experimental paradigm, a neutral stimulus (CS) is paired with an aversive stimuli (i.e., shock; US) such that the neutral stimulus alone elicits the fear response, as described above. A second phase occurs, whereby the now fear-eliciting CS is paired with another neutral stimulus (i.e., auditory tone). The potentiated amplitude of the response to the second neutral stimulus is considered demonstrative of the degree of conditioning that has occurred. Compared to healthy controls, those with cerebellar lesions restricted to the vermis showed decreased potentiation of the blink reflex [52] . In those with lesions to the lateral hemispheres, however, potentiation was within the normal range, although only two subjects with lateral hemisphere lesions were included [52] .
Interestingly, the studies by Maschke demonstrated intact autonomic responses to the fear-inducing stimuli. Further, Turner et al. [53] noted that in patients with cerebellar stroke, both the evaluation of an image as emotional/fearful and the autonomic response to fear-inducing stimuli were intact. Thus, the ability to form an association between sensory and aversive stimuli in fear conditioning may rely on the cerebellar vermis. The brain, however, does seem to make compensatory changes, in some cases, in efforts to preserve the ability to form such critical fear associations via recruiting other neural circuits to a greater degree after cerebellar damage, as evidenced by increase activation of several brain regions after the presentation of fearful stimuli in cerebellar stroke patients relative to healthy controls [53] .
Neuroimaging & Neurostimulation Studies
In addition to studies investigating symptomology of affect and cerebellar lesions, neuroimaging studies provide considerable evidence for the integral role of the cerebellum in emotional processing. In humans, electrical stimulation of the cerebellum can induce feelings of fear and anxiety [54] . Moreover, activation of the vermis was reported when individuals were asked to recall an emotional past memory versus a neutral one [55] . Studies also document localization of aspects of fear and fear memories within the vermis; pain-inducing heat results in activation of the anterior portion of the vermis, whereas a sensory anticipatory cue of the painful stimulus activates the posterior vermis [56, 57] . Further, Singer et al. [58] also noted distinct activation patterns within the vermis in a functional magnetic resonance imaging (fMRI) study investigating the neural correlates of feelings of pain and of the empathy of pain. Here, the authors noted anterior activation with receipt of a painful stimulus, whereas the posterior vermis was activated upon witnessing pain in others. Unlike the majority of studies examining cerebellar regulation of emotion, which report contributions specifically by the vermis, Singer et al. [58] found that both conditions activated the lateral cerebellum.
Others also report lateral cerebellar activation in emotional processing. In a positron emission tomography (PET) evaluation of fear conditioning, activation was heightened in the left lateral cerebellum after pairing of shocks to videotape cues [59] . Frings et al. [60] reported similar findings, with increased regional cerebellar blood flow in the left lateral cerebellum in a fear conditioning paradigm. Using a fear-conditioned potentiation protocol, however, elicited an increase in the regional cerebellar blood flow in the vermis [60] . These data point to separable roles for regions of the cerebellum in the associative learning that precedes the formation of a fear memory from its autonomic aspects as well as in the experience of pain vs. the empathy of pain in others. This topographical activation noted with various components of conditioned fear has led some to argue that the vermis is involved in the somatic and autonomic aspects of fear conditioning, whereas the lateral cerebellum contributes to the emotional aspects of the association [61] .
In addition to the investigation of the neural substrates central to the processing of fear, studies have been devised to uncover the biological underpinnings of other basic emotions. Using fMRI, Baumann and Mattingley [62] reported emotion-specific topographical cerebellar activation in association with feelings of happiness, sadness, anger, fear, and disgust. To investigate the neural connectivity associated with localized cerebellar activation seen with various primary emotions, Schienle and Scharmuller [63] examined not only cerebellar activation patterns but also connectivity patterns involved in the regulation of happiness and disgust. Only female subjects were recruited, given this group's prior research demonstrating increased elicitation of disgust in women relative to men [64] . In accordance with the previous study by Baumann and Mattingley [62] , Schienle and Scharmuller [63] found localized activation as a function of the emotion elicited. In contrast to images evoking happiness, presentation of images evoking disgust, as rated by the participants, activated both the vermal and lateral cerebellum. Images evoking happiness activated crus II of the posterior lateral cerebellar hemispheres in contrast to disgust-evoking stimuli. Elicitation of either emotion enhanced connectivity with the canonical emotional centres of the brain that comprise the limbic system, including the amygdala. Feelings of disgust have been previously shown to activate the amygdala [64] . Stoodly and Schmahmann [65] recently summarized the results of nine neuroimaging studies reporting cerebellar activation involved in emotion processing. The results of this meta-analysis confirmed activation of left lobule VIIAt, lobules VI and Crus I of the left cerebellar hemisphere as well as right lobule VI in response to various emotional stimuli (e.g., emotion in a speaker's voice, emotional pictures). These data further support the concept of regional localization of emotional processing within the cerebellum and extend this to emotion specificity.
Processing Emotional Expression in Faces
The idea that the cerebellum is involved in processing the emotional expressions in other people's faces has only recently been acknowledged. This is an important discovery, as it may partially explain why some patients with degenerative cerebellar disorders or discrete ischemic cerebellar lesions show impairments in identifying the intentions of others correctly, and/or show difficulty responding appropriately in social situations [66] .
Some research suggests that the cerebellum is involved in processing facial expression in general. For example, Fusar-Poli et al. [67] reported that the processing of several different emotional facial expressions (i.e., happy, angry, and fearful) were associated with increased activation in the cerebellum (declive), as well as subcortical areas (putamen), limbic areas (amygdala and parahippocampal gyrus, posterior cingulate cortex), temporoparietal areas (parietal lobule, middle temporal gyrus, insula), prefrontal areas (medial frontal gyrus), and a number of visual areas (fusiform gyrus, inferior and middle occipital gyri, lingual gyrus). These results confirm that the processing of emotion from facial expressions draws on diverse psychological processes implemented in a large array of neural structures (see also [68] ). Moreover, no differential brain activation in the cerebellum occurred across emotions, suggesting that the cerebellum plays a general role in processing expressions in faces.
Interestingly, other research suggests that the cerebellum is involved in the processing of particular expressions. Which facial expression is preferentially processed by the cerebellum, however, varies across studies. For example, one study reported that cerebellar transcranial magnetic stimulation (TMS), compared with occipital cortex and sham TMS, resulted in enhanced implicit processing of happy facial expressions with changes in self-reported mood [69] . Other studies report that cerebellar structures are more involved in recognizing and forwarding information about facial expression conveying negative emotions, such as fear or anger [53, 70] . Adamaszek [71] reported that compared to controls, patients with discrete ischemic cerebellar lesions showed impaired selection and matching of emotional facial expressions, which was more pronounced for fear. Moreover, the larger the volume of lesion, the greater the deficit on the expression processing tasks. Together, these results confirm a significant role of the cerebellum in processing emotional recognition from faces, a component of social cognition.
It is important to note, however, that the differing results described above come from studies using static face stimuli. Emotional expressions in static face stimuli imply motion, but static stimuli do not contain the additional information, provided in the non-rigidly moving faces, that viewers process in the real world. Indeed, face processing regions in the occipital and parietal areas activate more for dynamic compared to static face stimuli [72] ; thus, it is logical that the cerebellum would show different levels of activation during dynamic, as opposed to static, facial expression processing. Indeed, Kilts et al. [73] found that compared to judgments of spatial orientation of dynamic neutral expressions, judgment of anger intensity in dynamic expressions was associated with prominent right hemisphere-lateralized superior, medial, middle, and inferior frontal cortex and cerebellar activations. Further, the direct contrast of images acquired during anger recognition in dynamic versus static expressions was associated with activations in the right occipital-temporal junction corresponding to area V5 and in the periamygdaloid cortex, parahippocampal gyrus, STS, and cerebellum. Relative to happiness, anger perception was also associated with differential activation of the right amygdala and gyrus rectus, left fusiform gyrus, and cerebellum. Thus, there is evidence to suggest that the cerebellum plays an important role in processing naturally unfolding facial expressions of fear.
Neurodevelopmental & Psychiatric Disorders
Another line of evidence in support of a pivotal cerebellar role in emotional processing comes from studies of symptomology of psychiatric and neurodevelopmental disorders with emotional components, including depression, anxiety, obsessive-compulsive disorder, bipolar disorder, schizophrenia, fetal alcohol syndrome, and autism spectrum disorders [see [74] for review]. For example, in an MRI study, the volume of the cerebellar vermis, not the lateral hemispheres, was reduced in males and females with schizophrenia relative to psychiatrically well controls [75] . Others have confirmed the finding of reduced volume in the vermis in both adult populations [76] and in childhood-onset schizophrenia [77] . A neuroimaging study in males with schizophrenia, however, reported increased volume of the vermis, suggesting possible gender-mediated differences [78] . As chronic administration of antipsychotic medication used to treat the disorder may influence brain morphology, Ichimiya et al. [79] examined cerebellar volume in neuroleptic-naïve schizophrenics and also noted decreased vermal volume, ruling out the possible effects of antipsychotic medication as a confounder. A small number of studies, however, failed to detect differences in cerebellar volume in schizophrenia [80, 81] ; thus, the literature documenting volume reductions in the vermis in schizophrenia is not unanimous.
As early as the 1970s, chronic stimulation of the vermal cortex was investigated as a putative treatment to alleviate emotional dysregulation in a heterogeneous group (n = 11) of patients with intractable psychiatric illness [81] . Prior to implantation, patients exhibited a range of symptoms, from severe aggression, suicidal and homicidal behaviour, to depression and auditory hallucinations. The results were striking: ten out of eleven patients showed improvements in symptomology and behaviour such that medications could be terminated and/or patients discharged. Interestingly, Heath [82] noted changes in affect as among the first reported after pacemaker implantation. Based on such early work, Demirtas-Tatlidede et al. [83] more recently applied non-invasive theta burst stimulation to the cerebellar vermis via MRI-guided TMS in patients with treatment-refractory schizophrenia. Although the follow-up period was minimal (one week), results were promising, as TMS was well-tolerated and was associated with significant elevation in mood and improvements in cognition, including working memory. Such results are particularly promising, given that symptoms associated with schizophrenia are often resistant to treatment, and current medications can yield significant aversive side effects (for example, see [84] ).
In accordance with data regarding the cerebellum and schizophrenia, reduced cerebellar volume is also reported in depression [85] . Moreover, a meta-analysis demonstrated reduced activity in a network of brain regions, including frontal and temporal cortex, insula, and the cerebellum, with increased activation after antidepressant use [86] . In a study of psychiatric morbidity in patients with adult-onset progressive disorders that induce cerebellar degeneration (i.e., spinocerebellar ataxia or multisystem atrophy), the rate of psychiatric disorders was approximately two-fold higher in those with cerebellar disease relative to neurologically healthy controls and was accompanied by a significantly later onset than seen in controls [87] . Of the psychiatric conditions diagnosed, major depression occurred more frequently in this patient group in comparison to controls. In geriatric depression, Alalade et al. [88] reported altered connectivity between the posterior vermis and cingulate cortex that was positively correlated with depression severity. Such data strongly implicate the cerebellum in the pathophysiology of psychiatric disorders, including depression, across the lifespan.
The neurodevelopment disorders under the autism spectrum represent an etiologically diverse range of disorders with clinical heterogeneity. Autism spectrum disorder (ASD) is typically accompanied by impairments, to varying degrees, associated with social interaction and social reciprocity, nonverbal and verbal communication, and behavioural patterns, interests, and activities that are repetitive, restrictive, and stereotyped. In the first descriptions of the disorder, Kanner [89] acknowledged autism as having a significant emotional component. Depression, as well as increased fear and anxiety, are reported in ASD [90] [91] [92] . Further, in some cases, decreased motivation to engage emotionally with parents during the first year of life in those later diagnosed with ASD has been reported [93] .
Although clinically heterogeneous, neuroanatomical abnormalities specifically of the cerebellum are a common, well-documented finding in ASD [94] [95] [96] [97] [98] [99] [100] [101] 99] , having been found in ninety-five percent of autopsies of individuals with ASD [102] . Cerebellar abnormality in ASD patients includes cases of both hyperplasia, resulting in greater cell packing density, as well as hypoplasia [99] . The latter, however, is the dominant finding and is characterized by a reduction of Purkinje cells of the posterior vermis [99] . Cerebellar cortical atrophy, with a reduction in both Purkinje and granule cells, has been described [95] .
Despite the consistency of findings regarding cerebellar morphology in ASD, contradiction exists regarding the direction of abnormality, as both hypoplasia and hyperplasia have been found [99] . A reduction in the number of neurons within a given structure can be assumed to decrease the communicative capability of that structure and cause dysfunction. Greater neuron density and packing within a structure, however, may also contribute to impairment [103] . In line with this, Snow et al. [104] documented increased dendritic complexity of pyramidal neurons in the motor cortex of rats exposed to valproic acid in utero, a recognized animal model of the disorder.
The evidence for cerebellar pathology in ASD suggests that dysfunction of this structure is a critical feature of the disorder. A common behavioural symptom in ASD is a restriction in the range of interests, behaviours, or movements, and exploratory behaviour is consequently often absent or limited [100] . To assess the role of the cerebellum in exploratory behaviour, Pierce and Courchesne used MRI to document the degree of cerebellar hypoplasia of the vermis in ASD [100] . The same children were then rated in terms of time exploring a novel environment as measured by duration of exploration, number of containers explored, and motor activity. Children with ASD spent substantially less time in exploratory behaviour than control children, and this temporal difference was negatively correlated with the magnitude of hypoplasia. This differentiation was independent of overall motor activity, which did not significantly differ between the two groups.
Allen and Courchesne [102] used fMRI to observe cerebellar activation during a selective attention task and during a motor task and found that the cerebellar cortex of individuals with ASD showed decreased activation during the attention task but increased activation during the motor task when compared to healthy controls. These researchers previously demonstrated that regions of the cerebellum differentially respond to aspects of attention versus motor involvement [105] , further confirming the topographical nature of the cerebellum. Moreover, the diversity of symptoms and their severity against the backdrop of consistent findings of cerebellar involvement in the pathology and functional activation patterns seen in ASD provide further evidence of significant motor, cognitive, and emotional-behaviour regulation that may be attributed to intact cerebellar function.
Cerebellar-Mediated Emotional Processing in Non-human Animals
In other species, the localization of circuitry within the cerebellum that subserves non-motor versus motor aspects of behaviour provide evidence that the cerebellum is associated with higher-order information processing outside the parameters of pure motor behaviour. Localization of mental, non-motor activity separable from its motor components have been found within the cerebellum of non-human animals. For example, lesions to the lateral cerebellum in rats result in deficits in spatial learning that do not affect overt motor abilities [106] [107] [108] or impair the acquisition of new memories by observation [109] . Lesions to the vermal region, however, lead to impairments in visual guidance to the target platform [108] .
In animals, much of what we have learned about the contribution of the cerebellum to emotional processing has been gained via examination of fear. Fear is a trans-species emotional state central to survival that is well-defined in many species, with corresponding autonomic alterations that can be monitored and measured. Early studies by Dow [110] provided evidence for involvement of the vermal region in emotional processing in animals, as stimulation of this region disrupted autonomic responses associated with fear, including prevention of increases in blood pressure and breathing, with no such changes with stimulation of the lateral hemispheres.
In addition to stimulation, lesions of the vermis can alter an organism's affect and responses to fearful stimuli in several species. In cats, potentiated pleasure reactions have been reported after lesion to the vermal cerebellar cortex [111, 112] including instances of purring and kneading, relative to sham-operated controls [113] . Further, blunting of responses to sudden stimuli and spontaneous movement accompanied the lesions [113] . A similar taming effect and lack of spontaneous behaviour after similar lesions has also been reported in untamed squirrel monkeys [113] . In rhesus monkeys, vermal lesions result in docile behaviour and reduced aggression, whereas no such emotional-behavioural consequences were found after lesions to the lateral cerebellum [114] . Freezing behaviour, a defensive mechanism in rats in response to fearful or painful stimuli, diminished in the presence of a cat in rats with vermal lesions [115] . In addition to freezing behaviour, rats are known to exhibit specific behavioural responses in the presence of fear-inducing stimuli, such as thigmotaxis (wall hugging), considered to be an adaptive response in attempts to reduce possible predator attacks [116] . Vermal-lesioned rats also demonstrate reduced freezing behaviour and thigmotaxis in an open field test [115] . Such comparative data suggest an evolutionarily conserved role for the vermal cerebellum in regulating emotional behaviour.
As in human research, fear-conditioning paradigms have also been used extensively in non-human animals to investigate the cerebellum and emotional processing. Corroborating the significance of the vermis in this context, several studies report impaired acquisition of elements of the conditioned fear response after vermal lesions, including diminished bradycardia in rats [115, 117] and rabbits [118] . Of note is the finding that lesioning did not affect baseline heart rate or heart rate in response to the tone alone [117] . These results support the role specifically of the vermis in associative fear learning.
Fear conditioning has also been examined in mice in which cerebellar dysfunction comes not from lesioning but from mutations affecting cerebellar synaptic integrity. In hotfoot mice, transmission at the PF-PN synapse is impaired due to an absence of the glutamate receptor delta2 subunit (GluRδ2) [119] , which resides exclusively in spines of PN dendrites that receive PF innervation. In a comprehensive series of experiments, Sacchetti et al. [120] sought to investigate potential underlying physiological mechanisms by which the cerebellum contributes to emotional behaviour, specifically fear conditioning, using hotfoot mutants. GluR δ2-deficient hotfoot mice were not impaired in the acquisition of the learned fear association after conditioning, as freezing behaviour was similar in mutant and control mice. When tested 10-minute and 24-hours post-training, however, hotfoot mice demonstrated reduced freezing behaviour in response to the tone presentation relative to controls, indicative of impaired fear memory consolidation. This could not be explained by an overall increased state of anxiety-related arousal or spontaneous fear level, as no differences were reported between hotfoot mice and controls in the open field or light-dark test, both well-characterized measures of anxiety in rodent. Moreover, these authors noted a heightened long-term potentiation (LTP) effect in PNs after stimulation of PFs in fear-conditioned rats relative to either naïve untrained rats or unpaired controls (received tone and shock in unpaired manner) [120] . Such data confirm the importance of the learned association underlying fear memory formation in the physiological response, as no such potentiation was noted in animals that received equivalent exposure to the aversive stimuli. The LTP response was only observed in lobules V and VI, known sites of convergence for both acoustic and nociceptive inputs [121] , and were notably absent in lobules IX and X, a region previous reported [118] as uninvolved in the regulation of aversive behavior. Given this region-specific convergence, these authors theorize that LTP response seen after associative fear learning may represent concomitant activation of the separate PF inputs from the CS and US. Further, this learning-induced potentiation was restricted to PF inputs, as no changes in synaptic transmission were noted at CF-PN synapse after fear conditioning Sacchetti et al. [120] . Therefore, transmission at the PF-PN synapse appears to play a central role in the consolidation of emotional memory formation regulated by the cerebellum, with plasticity at this site constituting a putative physiological mechanism by which such regulation may occur.
Fear conditioning under cases of reversible inactivation of the cerebellum has also been investigated as a means of uncovering how the cerebellum contributes to fear memories. The experimental setup includes administration of drugs with reversible effects (i.e., tetrodotoxin, a Na + -channel blocker) after acquisition of a fear-conditioned response. Retention of the fear memory is then examined at a point when the effects of the drug have passed. This allows one to dissociate the effects of the drug on sensory and motor functions that could be attributed to the cerebellum from those related to memory consolidation [122, 123] . Using this technique, Sacchetti et al. [122] found amnesic effects with injection of tetrodotoxin into the cerebellar vermis 72 and 96 hours after the acquisition of a fear memory, with decreased freezing behaviour in rats up to 192 hours after TTX administration in response to presentation of the conditioned tone. The consolidation of contextual fear conditioning, in which the animal forms an association to the experimental environment in which the pairing takes place, was impaired up to 96 hours, as evidence by decreased freezing behaviour.
In addition to work in mammals, research investigating the contribution of the cerebellum to aspects of emotional regulation in non-mammal vertebrates has been conducted. Such studies have relevance to a general understanding of the impact imparted by the cerebellum in affective processing, as although there exists considerable heterogeneity in terms of relative size, all vertebrates studied share comparable and consistent cytoarchitecture and neuronal circuitry [124] . In goldfish, cerebellar lesions prevent the classical conditioning of an eye-retraction response in response to light after repeated pairings of the visual stimulus with a shock [125] , akin to eyeblink conditioning paradigms used in mammals, demonstrating a preserved role for the cerebellum in classical conditioning across diverse vertebrate species. Further, this lab confirmed a similarly conserved role for the cerebellum in emotional learning [125] . As has been reported in mammals, cerebellar lesions in goldfish disrupted the conditioned bradycardia response that accompanies CS-US pairings relative to sham-operated goldfish [125] . Importantly, alterations in cardiac activity were exclusive to the conditioned response in the lesioned fish, as baseline heart rate and heart rate to the CS alone were unaffected [125] , again as the case found in mammalian studies [117, 118] .
To further elucidate putative mechanisms involved in cerebellar-mediated fear conditioning, Yoshida and Kondo [126] recorded activity of PNs in vivo from the goldfish corpus cerebelli, homologous to the mammalian vermis, throughout the acquisition phase of fear conditioning. In the rabbit, responses of vermal PNs to a neutral stimulus in untrained rabbits have been shown to differ from PN responses to the same stimulus after fear conditioning in trained rabbits [127] . Pre-and post-conditioning responses within the same animal, however, were not examined. In goldfish, PN firing rates were altered in response to the CS after pairing with the US in comparison to firing rates to the unpaired CS alone, demonstrating fear conditioned-induced changes in vivo in the same neurons [126] . Thus, in addition to analogous cytoarchitecture and microcircuitry, the cerebella of various species seem to share consistent neurophysiological mechanisms and a similar functional relevance to associative emotional learning.
7. Cerebellar connectivity is crucial to its ability to integrative emotion and other functions Physiological, behavioural, clinical, and imaging data investigating the cerebellum and its contribution to various functional domains support the view that local circuits within the cerebellum are distinct both anatomically and functionally and that such circuits are not confined to motor domains. The intrinsic neural connectivity and anatomical connectedness of the cerebellum can provide insights into just how the cerebellum contributes to such a diverse range of functions (i.e., motor, emotional-behavioural, cognitive). For example, neuroanatomical studies have confirmed the presence of reciprocal connections between the cerebellum and numerous brain regions, including the frontal and prefrontal cortex [128] [129] [130] and the hypothalamus [131, 132] . The cerebellum also possesses reciprocal connections with brainstem regions that are intricately associated with limbic regions [133] . Furthermore, vermal stimulation alters firing properties of neurons in limbic regions, including the hippocampus, amygdala, and septum [134, 135] , confirming functional connectivity between the cerebellum and brain regions central to emotional processing.
This reciprocity provides the cerebellum with the physiological capacity to integrate information from various brain regions, compute/process the information, then send the processed information back to the regions of interest for fine-tuning. This is consistent with a role for the cerebellum in optimizing an organism's internal and external response to its environment, akin to a master regulatory structure for the integration of motor, emotional, and sensory information [136] . It stands to reason, then, that it is the connectivity with a specific area of the cerebellum that dictates its role in processing [137] ; such theories are in line with relatively consistent neuronal circuitry and cytoarchitecture within the cerebellum. It must be noted, however, that distinctions do arise in synaptic transmission, electrophysiological, biochemical, and morphological properties of cerebellar neurons as a function of cerebellar region. For example, information processed through the vestibulocerebellum (i.e., flocconodular lobe) bypasses the DCN, unlike transmission in other cerebellar regions [4] . There exist regional neurochemical (i.e., [138] ) and electrophysiological distinctions (i.e., intrinsic firing properties; [139] ) between cerebellar neurons as well. Generally speaking, however, the microcircuitry and cytoarchitecture appear fairly preserved across cerebellar functional domains.
Given neuroimaging and clinical data coupled with the general neuronal homogeneity of the cerebellum, Stoodley and Schmahmann [140] postulated a topographical organization of the cerebellum based on functional domains, each corresponding to specific cerebellar regions; 1) sensorimotor cerebellum (includes anterior lobe and lobule VIII of posterior lobe); 2) cognitive cerebellum (includes lobules VI and VII of the posterior region); 3) limbic cerebellum (includes primarily the posterior vermis); and 4) vestibulocerebellum (include the flocculonodular lobule, lobule X), involved in equilibrium and balance. Although there is sufficient evidence in support of such a topographical representation, there are some discrepancies in the literature, as imaging studies have pointed to a role for both the vermis and the lateral cerebellar hemispheres in emotional processing [58] . In non-human animals, the contribution of the cerebellum to emotional regulation appears to be more restricted to the vermal region, however. Thus, the cerebellar regions devoted to emotional regulation in humans seems to be more expansive than in other species.
Irrespective of topographical region, the cerebellum is assumed to perform a similar computation on the incoming information [18] ; this has been deemed the "universal cerebellar transform" [141] . The cerebellum is considered an information-processing "machine" [5, 18] . Therefore, the breadth of function in which the cerebellum has been implicated is assumed to arise due to its interconnectedness with a multiplicity of brain regions, of which it forms part of a distributed neural network for a given domain or response [9, 142, 143] . As speculated approximately 200 years ago by Flourens, the cerebellum appears integral for the coordination of movement rather than the generation of movement [2] . For instance, cerebellar damage is not associated specifically with paralysis, as may occur with damage to primary motor cortex [143, 144] . The organism can still execute a motor response but not in a coordinated manner. These findings are similar to research investigating non-motor capabilities of the cerebellum (i.e., cognition and emotion) in cases of disease or damage, whereby cerebellar pathology affects the ability to execute the desired response (internal or external) in an optimal, coordinated fashion. The contribution of the cerebellum to this optimization with regard to emotional regulation has been considered worthy of deeming the cerebellum an "emotional pacemaker", modulating an organism's affective response such that it is appropriate to the context [135] .
Conclusions
Although our understanding of cerebellar function and the involvement of the cerebellum in a multitude of abilities has expanded immensely over the last 200 years, there remains much to be discovered. Numerous imaging, anatomical, behavioural, electrophysiological, and clinical studies across several species have revealed a broader role for the cerebellum in overall information processing, including affective regulation. At the core of the ability of the cerebellum to regulate distinct and diverse aspects of an organism's capabilities and internal states appears to be its high degree of interconnectedness with several brain regions, for which its cytoarchitecture is highly suited. At the cellular level, synaptic plasticity at the PF-PN synapse seems integral for appropriate emotional regulation. Although there is a general consensus that the cerebellum, regardless of region, processes information in a homogeneous manner, the precise computation performed by the cerebellum in this regard is still unclear. As such, there is great and growing interest in learning how this "little brain" and its exquisitely elegant circuitry contribute to emotional-behavioural regulation.
